We propose an integrated contact mechanics and density-step-height model of pattern dependencies for the chemical-mechanical polishing (CMP) of multi-level copper interconnects, and show preliminary comparisons with experimental data for the overburden copper removal stage. The model uses contact mechanics to correctly apportion polishing pressure on all sections of an envelop function that reflects the long-range thickness differences on the chip, or region of interest. With the pressure over the entire envelop known, the density-step-height part of the model is then used to compute the amount of material removed in the local "up-areas" and "down-areas". This model shows promise in accurately and efficiently predicting post CMP copper and dielectric thicknesses across an entire chip.
Introduction
Copper CMP is now a multi-step polish process where different polish process settings and different consumables are used in each step [1] . For any model to accurately predict the post CMP thicknesses across a chip, it must accurately predict the evolution of the thicknesses in each polish step. This means that such a model should take into account the incoming long range thickness variation caused by copper plating technology, and must also account for pressure redistribution caused by density induced thickness variation as the polishing progresses.
Previously, we developed a density-step-height model for copper CMP processes [2] . The model identifies three intrinsic stages in copper CMP processes, and expresses the removal rates in each stage in terms of effective density and step-heights. It is capable of rapidly simulating thickness evolution on an entire chip, for a given calibated CMP process. However, it does not account for long range thickness variation introduced by the plating technology used, and does not properly redistribute pressure due to changing long range thickness variation as the polishing progresses. Hence it can lead to inaccurate prediction of thickness evolution during CMP and can thus give inaccurate post CMP thicknesses.
Contact mechanics in combination with Preston's equation has been used to model dielectric and copper CMP processes [3] [4] . These models account for the initial long range thickness variation caused by copper plating technology, and they also redistribute the pressure to take into account the changing long range thickness differences as the polishing progresses. However, they can be computationally prohibitive or inaccurate when simulating an entire chip or a small section of a chip, depending on the discretization size used. In copper CMP, the feature sizes on the lower metal levels are very small. Hence the discretization size for a full chip simulation must be very small, if the feature-scale polishing evolution is to be computed accurately. This discretization will lead to very long and impractical simulation times. If the discretization size is made too large, on the other hand, the prediction of feature-scale polishing evolution would be inaccurate.
Clearly, the contact wear model and the density-step-height model are not individually suited for practical and accurate chip-scale simulations in copper CMP. However, a combination of the two will form a model that is ideal for the task. Contact mechanics can readily account for longrange thickness variation effects, while the density-step-height formulation can accurately account for local feature-scale material removal during the polishing process. We therefore propose an integrated contact mechanics and density-step-height model for predicting post CMP copper and dielectric thicknesses. For the purpose of this paper, we focus mainly on the overburden copper polish stage in copper CMP processes.
Model Formulation
Copper CMP processes comprise three intrinsic stages: overburden copper removal, barrier clearing, and overpolishing. In each stage, we use contact mechanics to compute the pressure on an envelop function. With the envelop pressure, we can then compute the removal rates in the local up and down areas using the density-step-height formulation. These removal rates enable us to compute the amount of material removed for a polish time of δt. We then repeat the process until the sum of the δt's equals the polish time in the intrinsic stage in question. Figure 1 illustrates the iterative process discussed above. For the sake of simplicity, we formulate the model for a single step prestonian process. The model can be generalized to multi-step processes.
Envelop Function
We define an envelop function f e (x,y,t) as a function that gives the local up-area thicknesses over the entire chip, or region of interest. To get the envelop, we first discretize the chip or region of interest using a discretization size of the maximum feature size, or a multiple of the maximum feature size. Typically discretization sizes are 200 µm by 200 µm, 400 µm by 400 µm, 500 µm by 500 µm, and 1 mm by 1 mm, for a 20 mm by 20 mm chip. The discretization size depends on the layout of the chip of interest. We then represent each discretized region by the maximum local uparea thickness in that region. Figure 3 shows the one dimensional envelop function for the one dimensional topography shown in figure 2.
Intrinsic Stage 1: Overburden Copper Removal Stage
Consider an array of lines with step height and critical step height . Let the applied polishing pressure be , and the envelop pressure at the array location be . When the step height is greater than the critical step height for the array, there will be no removal of material in Define envelope function.
Compute pressures on entire envelop.
Compute effective density and step-heights. the down area. This is because no pressure will be exerted on the down area. The removal rate of the up-area will be directly proportional to the envelop pressure ratio ( / ) at the location of the array, the instantaneous blanket removal rate , and the inverse of the effective pattern density at the array location of interest. As polishing progresses, the step height decreases, the envelop function changes, and so does the envelop pressure ratio. Below the critical step height, the removal rate of the down area increases linearly as the step height decreases, while that of the up area decreases linearly as the step height decreases. Both the up and down area removal rates are scaled by the envelop pressure ratio at the array location. Equations 1 and 2 express the removal rates of the up and down areas as functions of the step height, critical step height, instantaneous blanket removal rate, effective pattern density, and the envelop pressure ratio. The variables used in the equations are described in table 1.
From contact mechanics, the envelop pressure is related to the pad displacement on the envelop by: Figure 2 : One dimensional topography.
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When the displacement of the pad is such that the pad does not contact the envelop at a certain location, the envelop pressure at that location is zero. Strictly speaking, conservation of applied down force dictates that in the localized region (region dimensions are dependent on the polish process settings, pad properties and slurry): [Eq. 4] where is the area of the region . To calibrate the model in stage 1 for a given CMP process, we polish wafers with specially designed test structures, and find the values of the planarization length (which is used to compute the effective pattern density), , the effective instantanous blanket removal rate, and the critical step height , that give the minimum sum of squared errors between the model predictions and the experimental data.
Model versus Experimental Results
We polished four wafers patterned with the MIT/SEMATECH 854 mask, for 7 s, 23 s, 30 s and 40 s respectively, leaving copper residues on each. We used a VEECO profiler to measure the step-heights and array recesses of several arrays on the wafers. Array recess is defined as the thickness of the field surrounding an array minus the thickness of the center of the up-area of the array. The step-height on the other hand is the thickness of the local up-area minus that of the local down-area within an array. Figures 4 and 5 show that the model captures the trends in the data accurately.
Summary and Conclusion
We have proposed a new integrated contact mechanics and density-step-height model for predicting thickness evolution in the chemical mechanical polishing of copper multi-level interconnects. The model shows great promise in being used for accurate and practical chip level simulations. Additional work needs to be done to properly define the planarization length used to compute effective density in intrinsic stage 1. A full set of experiments is currently being conducted to test the model in all three intrinsic stages for a multi-step copper CMP process. Function of process and time. Obtained from blanket wafer polish, with adjustments made to give minimum error between experimental data and model prediction for patterened wafers.
References
w e x y ( , ) 1 ν 2 - πE -------------- P e ξ η ( , ) x ξ - ( ) 2 y η - ( ) 2 + [ ] ------------------------------------------------------ξ d η d A ∫ ∫ = A 1 Area A ----------------     P e ξ η ( , ) ξ d η d A ∫ ∫ P ref = Area A A K 1 1 ν 2 - πE -------------- = H ex [2] T. Tugbawa, T. Park,
Effective copper pattern density
The effective density is computed from the electroplated topopgraphy. This topography changes as the polishing progresses, and so does the effective density. The effective density is computed over a length scale known as the planarization length. The planarization length used in this case is not necessarily the same as that used in the original density-step-height model.
Critical step height
Step height at which we begin to remove material in the local down-area. Depends on line width, line space or effective density, and process.
Step height
Envelop pressure (i.e. actual pressure exerted on the structures on the wafer)
Depends on the down-force, pad properties, and other polish process settings.
Applied polishing presure
Down force setting on CMP machine.
Displacement of pad on envelop
Poisson ratio 
